essentially intact and that the biochemical defect is limited to the auxin uptake machinery. However, we cannot rule out the possibility that an auxin signalling function performed by AUXl is genetically redundant, causing the auxl signalling defect to be masked by the activity of one or more intracellular auxin receptors.
elle across the double membrane of the chloroplast envelope. Protein import into the chloroplast consists of two essential elements : the specific recognition of the targeting signals (transit sequences) of cytoplasmic preproteins by receptors at the outer envelope membrane and the subsequent translocation of preproteins simultaneously across the double membrane of the envelope. These processes are mediated via the co-ordinate action of protein translocon complexes in the outer (Toc apparatus) and inner (Tic apparatus) envelope membranes.
General features of chloroplast protein import
The development and maintenance of chloroplasts rely on the contribution of protein subunits from both plastid and nuclear genomes. Most chloroplast proteins are encoded by nuclear genes and are post-translationally imported into the organelle across the double membrane of the chloroplast envelope [l-31. With the exception of some outerenvelope membrane proteins [4-91, all known chloroplast proteins are synthesized with N-terminal transit sequences that are necessary and sufficient to direct the import of a polypeptide into the organelle. Although the structural elements of the transit sequence that are necessary for targeting to the envelope have not been defined, the transit sequences from different chloroplast preproteins are functionally interchangeable, making it likely that their import involves common components at the chloroplast envelope [2] .
Our current knowledge of the import process has been derived largely from biochemical assays in vitro that are based on the import of recombinant proteins into isolated intact chloroplasts from pea seedlings [2] . The import reaction can be divided into three steps on the basis of analyses of the energetics of preprotein import and the characterization of trapped import intermediates. In the absence of nucleoside triphosphates, preproteins bind to the translocon at the outer envelope membrane of chloroplasts (Toc apparatus) (Figure 1) [1&14]. This early binding step is detected experimentally only when binding is trapped by covalent cross-linkers and therefore seems to be readily reversible [15, 16] .
In the presence of low concentrations of external ATP and GTP, the preprotein is promoted to a second stage in import, referred to as an early import intermediate (Figure 1 ) [17, 18] . Recent covalent cross-linking and coimmunoprecipitation experiments have demonstrated that early import intermediates are partly inserted across the outer membrane [19, 20] . The association of early import intermediates with the envelope is essentially irreversible [21] , suggesting that insertion at the outer-membrane translocon is the committed step in import. The G T P requirement for insertion is attributed to the GTPase components of the Toc complex and was established by the observation that nonhydrolysable G T P analogues block the formation of early import intermediates [17, 22] . The site of ATPase activity at the envelope has not been established but the involvement of molecular chaperones is one likely explanation [23] . Two members of the hsp70 family of chaperones are associated with import intermediates [ 1 1,2+26] and are believed to stabilize import intermediates on insertion across the membrane in a model analogous to the role of BiP and mtHsp70 in endoplasmic reticulum and mitochondria1 translocation respectively [27] . Insertion of the early import intermediate across the outer membrane results in the association of the transit sequence with components of the translocon of the inner envelope [15, 19] . At this stage in import, the Toc and Tic machineries are physically linked to form a Toc-Tic supercomplex [20, 28, 29] . This supercomplex seems to correspond to contact sites between the outer and inner membranes observed in studies of chloroplast ultrastructure [30-321. In the final stage of import, the hydrolysis of stromal ATP results in the insertion of the preprotein across the inner membrane ; translocation into the stroma proceeds simultaneously across both envelope membranes (Figure 1 ) [33] . In contrast with mitochondria1 protein import, stromal ATP seems to be the only energy requirement for translocation through the inner membrane [14, 34] . On accessing the stroma, the transit sequence of the preprotein is removed by a specific stromal processing peptidase [3 5-37] . At this point the newly imported protein folds and assembles in the stroma, integrates into the inner envelope membrane or undergoes targeting to the thylakoid membrane as directed by secondary intrinsic targeting signals [2, 33, 38, 39] .
Role of the Toc complex in protein import
Three integral proteins (Toc34, Toc75 and ToclS9) form a stable complex (Toc complex) at the core of the outer-membrane translocon [lo, 1 1,13,14] . The numerical designations of the Toc components refer to their molecular masses in kDa [12] . Toc159 and Toc34 contain structurally related cytoplasmic GTP-binding domains that define a distinct family of membrane GTPases [10, 11, 13] . Toc159 was originally identified as an 86 kDa polypeptide, designated Toc86, but we and others have shown recently that Toc86 is a proteolytic fragment of the native 159 kDa protein [40] [41] [42] . Toc159 has a remarkable tripartite domain structure ( Figure 2) . The approx. 100 kDa cytoplasmic region consists of an 80 kDa Nterminal, highly repetitive, acidic domain (Adomain) followed by a 30 kDa GTP-binding domain (G-domain). The C-terminal approx. 50 kDa of Toc159 (M-domain) anchors the protein in the outer membrane, presumably via multiple membrane-traversing P-strands [10, 11] . 
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The complex structure of Toc159 and its intrinsic GTPase activity suggest that it has a central role in the integrated functions of the Toc complex. A role for Toc159 in transit sequence binding at the chloroplast surface is based on the three observations : (1) antibodies against ToclS9 block preprotein binding [lo] , (2) the transit sequences of two preproteins cross-link predominantly to ToclS9 during energy-independent binding to intact chloroplasts [ 1 5,193, and (3) mild proteolytic treatments of chloroplasts that selectively degrade the cytoplasmic domain of Tocl59 eliminate preprotein binding and decrease the efficiency of import by 5 0 4 0 % [40, 41] . In addition to a possible role in binding, the requirement of GTP hydrolysis for the insertion of preproteins across the outer membrane implicates Toc159 in the regulation of translocation via a GTPase cycle. Guanosine 5'-[y-thioltriphosphate induces a shift in the cross-linking patterns of Toc159 and Toc34 with bound preproteins [19] . These results suggest that the binding of GTP at one or both Toc GTPases induces a conformational change in the translocon that might be a prerequisite for translocation. Toc34 does not seem to interact directly with transit sequences; it therefore does not seem to form part of the transit sequence receptor site [15, 19] . However, the insertion of preproteins across the outer envelope membrane requires GTP hydrolysis at Toc34 in the absence of the Toc159 GTPase [41] . These results imply a direct role for the Toc34 GTPase in regulating translocation and suggest that the Toc159 GTPase might act earlier in the import pathway.
Toc75 seems to constitute a major component of the protein-conducting channel in the outer membrane (Figure 1 ). Early import intermediates that are inserted across the outer membrane crosslink predominantly to Toc75 [15, 19] . Furthermore, recombinant Toc75 has been shown to possess voltage-sensitive ion conductance in reconstituted proteoliposomes [43] . This conductance was regulated selectively by the presence of a chloroplast preprotein, providing convincing evidence for a transit-sequence-regulated channel activity. However, the conductance of Toc75 predicts a channel of less than half the diameter of comparable protein-conducting channels in the mitochondrial outer membrane and the endoplasmic reticulum. This would require nearly complete unfolding of the preprotein during membrane translocation. In fact, chloroplasts can import a small, tightly folded passenger protein, suggesting that the authentic translocon channel might require additional Toc subunits for full activity [44] . The membrane-anchor domain of Tocl59 remains in contact with the mature regions of preproteins during outer-membrane translocation, suggesting that it might participate in protein conductance [ 191.
The Toc components associate with three inner-membrane proteins, Ticl 10 [45, 46] , Tic22 and Tic20 [29] , in a Toc-Tic supercomplex to form functional import sites [20, 28, 29] . The functions of Tic22 and Tic20 are unknown, but there is evidence that Ticl 10 serves as a docking site for stromal chaperones that bind to preproteins as they emerge from the import machinery [20, 28, 46] . In this regard, the role of Ticl 10 seems to be analogous to that of Tim44 in recruiting chaperones to the import complex of the mitochondrial inner membrane [47] [48] [49] . In contrast with the Toc complex, a stable complex consisting exclusively of Tic components has not been detected [29] . The assembly of a functional inner-membrane translocon seems to be mediated by the association of Tic components with the Toc complex. Therefore the Toc complex seems to directly mediate the formation of translocation contact sites in addition to its roles in preprotein recognition and translocation. The molecular interactions that mediate the formation and regulation of supercomplexes have not been established, although the presence of a bound preprotein is not an essential element in maintaining Toc-Tic interactions [20, 28, 29] . This is in contrast with the interaction of the Tom and Tim complexes, which mediate protein import at the outer and inner mitochondrial membranes respectively. A stable association of Tom and Tim complexes has not been observed in the absence of a membrane-spanning preprotein [50, 51] .
Although the general features of targeting to chloroplasts resemble targeting to mitochondria, it is apparent from the most recent developments in both fields that the underlying mechanisms of protein import are distinct. With the exception of the involvement of molecular chaperones, the known import components in the two systems exhibit no apparent primary structural relationships. Although at first unexpected, these results are consistent with the need to maintain organelle identity during the endosymbiotic assimilation of two distinct organelles. The Tocl59/34 system is apparently unrelated to the Tom70137 and Tom20122 preprotein receptor systems that operate at the mitochondrial outer membrane [52] .
Similarly, the energetics of outer membrane translocation are distinct. Translocation through the Toc complex clearly requires G T P and ATP hydrolysis, whereas translocation across the mitochondrial outer membrane is proposed to occur via the binding of the basic targeting signal with high-affinity acidic sites at the trans side of the membrane [53, 54] .
Multiple import complexes
The plastids are a varied group of organelles that perform essential metabolic functions in all tissues. Despite this diversity, the mechanism of protein import was believed to be conserved in all plastid types because of the observation that all plastid proteins examined can be imported into isolated chloroplasts. Nevertheless, distinct plastid types exhibit subtle preferences for the import of different preproteins [55] . The notion of a 'general import machinery ' has recently been challenged further by the discovery of gene families encoding members of the protein import components. Examination of the available Arabidopsis thaliana genomic sequence has revealed the existence of a family of three putative import receptor genes encoding proteins related to psTocl59 [56] . We designated these putative receptor proteins atTocl59, atToc132 and atToc-120 on the basis of their deduced molecular masses in kDa [56] ; they have a tripartite structure similar to that of psTocl59 (Figure 3) . The G and M domains are highly conserved between the three proteins (approx. 65 yo identity), whereas the A domains vary considerably in sequence (approx. 20% identity) and length ( Figure 3 ). atTocl59 is most closely related in size and sequence (48% overall identity; 74% identity in the G and M domains) to the pea protein.
T o assess the role of the atTocl59 gene family in vivo, we identified an atTocl59-null mutant, ppi2 [56] . Theppi2 plants exhibit a striking albino phenotype and are unable to grow on soil. These results support the function of atTocl59 as a core component of the protein import apparatus. However, the essential function of atTocl59 seems to be for targeting a set of highly expressed proteins that are induced during photomorphogenesis (i.e. the precursors to the small subunit of ribulose bisphosphate carboxylase/oxygenase and the light-harvesting complex proteins). This conclusion is in agreement with our previous studies demonstrating that Toc159 cross-links to the transit sequences of the two photosynthetic proteins [15, 19] . In contrast, the import of ubiquitous plastid proteins seems not to be dependent on the putative receptor.
The characteristics of the ppi2 mutant demonstrate the existence of previously unknown alternative pathways for targeting proteins to plastids and thereby challenge the concept of a 'general import machinery' [57, 58] . This raises the possibility that the atTOCl32 and/or atTOC-120 genes encode receptors that function in the alternative pathways, such as those responsible for the import of ubiquitous plastid proteins. atToc-159 complexes would be required for the targeting 
Introduction
Membrane proteinslperform an enormous array of functions and their modes of synctlneeis have attracted a great deal of interest. These hydrophobic proteins must avoid aggregation during and after synthesis, after which they must be efficiently transferred into the correct lipid bilayer. Most importantly, they must assume the correct topology during the insertion process, because there are very ,few examples of membranespanning regions reversing topology once inserted.
The chloroplaat tthylakoid membrane has been a popular model system for the analysis of membrane protein 'bogenesis because this membrane performs the crucial processes of light capture, photosynthetic electron transport and ATP synthesis. Many of the component proteins .are very abundant indeed and several have been studied in some detail. In addition, however, the biogenesis of membrane proteins in chloroplasts is made more complex (and hence perhaps more interesting) because of the aruhitecture of the mganelle and the dual genetic origins of chloro@last proteins. The chloroplast a o n t h its own genome and synthesizes a number of proteins: approximately 80 in higher plants, of which many are thylakoid membrane proteins. The remaining thylakoid proteins are synthesized in the cytosol and must therefore be imported across the doublemembrane envelope and soluble stromal phase b&e they can be inserted into the thylakoid membrane. Finally, it should be borne in mind that other hydrophobic proteins must be targeted into the envelope membranes rather than the thylakoid membrane. Thus this combination of factors means that effective targeting pathways must exist for thylakoid membrane proteins, especially those that originate from the cytosol. Here we discuss the known targeting pathways for nuclean-encoded thylakoid membrane proteins; additional pathways for lumen proteins will not be considered but are reviewed elsewhere [ 1,2].
